Neurofibromatosis type 1 (NF1) is a common autosomal dominant neurologic condition characterized by significant clinical heterogeneity, ranging from malignant cancers to cognitive deficits. Recent studies have begun to reveal rare genotypephenotype correlations, suggesting that the specific germline NF1 gene mutation may be one factor underlying disease heterogeneity. The purpose of this study was to define the impact of the germline NF1 gene mutation on brain neurofibromin function relevant to learning. Herein, we employ human NF1-patient primary skin fibroblasts, induced pluripotent stem cells and derivative neural progenitor cells (NPCs) to demonstrate that NF1 germline mutations have dramatic effects on neurofibromin expression. Moreover, while all NF1-patient NPCs exhibit increased RAS activation and reduced cyclic AMP generation, there was a neurofibromin dose-dependent reduction in dopamine (DA) levels. Additionally, we leveraged two complementary Nf1 genetically-engineered mouse strains in which hippocampal-based learning and memory is DAdependent to establish that neuronal DA levels and signaling as well as mouse spatial learning are controlled in an Nf1 gene dose-dependent manner. Collectively, this is the first demonstration that different germline NF1 gene mutations differentially dictate neurofibromin function in the brain.
Introduction
Neurofibromatosis type 1 (NF1) is a monogenic neurodevelopmental disorder affecting ∼1 in 2500 individuals worldwide (1) . While NF1 is typically regarded as a cancer predisposition syndrome, affected individuals can manifest a wide variety of clinical features involving the central and peripheral nervous systems, ranging from benign cutaneous neurofibromas and malignant nerve sheath tumors to benign and malignant gliomas (1) . Importantly, >50% of individuals with NF1 exhibit cognitive deficits, severely affecting their scholastic abilities and impacting on their overall quality of life (2) . These cognitive impairments include specific learning disabilities, attention deficits, and visuospatial learning/memory problems (2, 3) .
Despite their frequency, the specific cognitive symptoms as well as their severity vary greatly among individuals with NF1. Some children with NF1 may have significant problems with reading or mathematic achievement (4), while others exhibit deficits in visual perception or response inhibition (5) . In addition, there may be multiple cellular and molecular etiologies for these cognitive delays, which may partly explain why a small number of children respond to targeted therapeutic interventions. In this regard, neurofibromin functions as a negative regulator of RAS as well as a positive regulator of DA homeostasis. In the brains of Nf1 genetically-engineered mice, high levels of RAS activation and low levels of DA have been reported (6, 7) . Correction of these abnormalities using Lovastatin (RAS inactivation) (8) or DA uptake blockers (methylphenidate) (7) ameliorates the spatial learning and memory deficits in these mouse strains. However, clinical trials using these agents have had limited effectiveness when treating potentially heterogeneous cohorts of children with NF1-associated cognitive problems (9) (10) (11) .
A second challenge inherent to the management of children with NF1 is the lack of predictive markers available to identify those individuals at higher risk for specific morbidities. Whereas tumor (neurofibroma, glioma) development requires bi-allelic NF1 gene inactivation, reflecting the combination of germline and somatic NF1 gene mutations (12, 13) , a single germline NF1 gene mutation is sufficient for neuronal dysfunction (11, 14, 15) . In this regard, the germline NF1 gene mutation would be predicted to impact most significantly on neural cell types relevant to cognitive and behavioral function. Emerging evidence from NF1 mutation studies has revealed that some specific types of germline NF1 gene mutations may be associated with particular clinical features. For example, individuals from different families harboring the c.2970-2972_delAAT germline NF1 gene mutation do not develop dermal neurofibromas, despite having many other features of NF1 (16) . Similarly, individuals with germline c.5425C>T NF1 gene mutations exhibit mild symptoms of NF1 without neurofibromas or optic gliomas (17) . In addition, individuals with NF1 genomic microdeletions are prone to early neurofibroma formation, mental retardation and increased cancer incidence (18, 19) , while those with 5′ end NF1 gene frame shift and premature truncation mutations have an increased incidence of optic gliomas (20) . These intriguing population-based studies prompted us to critically examine the molecular basis for potential genotype-phenotype correlations.
Results
We first established a collection of primary fibroblast lines from unrelated male (n = 5) and female (n = 8) patients diagnosed with NF1 using NIH Consensus Development Conference diagnostic criteria (21) as well as from four sex-and age-matched control individuals with no known neurological problems. Analysis of neurofibromin levels revealed two distinct subgroups (Fig. 1A) : those with minor reductions (Group 1; <25% following normalization to α-tubulin) and those with >70% reductions (Group 2) in neurofibromin expression. This differential neurofibromin expression pattern was observed using both carboxyl-and amino-terminal neurofibromin antibodies (Supplementary Material, Fig. S1A ) and was not related to NF1 RNA expression levels (Supplementary Material, Fig. S1B ) nor to patient sex, age or the in vitro growth conditions employed (with or without serum; data not shown). In all NF1-patient fibroblasts, there was increased RAS activity (Fig. 1B) relative to control patient fibroblasts.
To determine whether these differences in neurofibromin protein expression reflected the underlying germline NF1 gene mutation, all NF1-patient fibroblast samples were analyzed (Fig. 1C) . In these individuals, we conclusively identified 10 distinct mutations. The mutations in Group 1 causing mild reductions in neurofibromin expression were frameshift (NF1-1, NF1-5) or nonsense mutations (NF1-8, NF1-10) and the mutations in Group 2 with more dramatic reductions in neurofibromin expression included nonsense mutations (NF1-4, NF1-7, NF1-9, NF1-11) and large microdeletions of the NF1 locus (NF1-6, NF1-12). Together, these data suggest that there is no apparent correlation between the location or nature of the germline NF1 mutation and the level of neurofibromin expression. Therefore, for further analysis we chose to include data only from two control-and six of the NF1-lines; three from Group 1 and three from Group 2 (Supplementary Material, Fig. S1A ).
Leveraging induced pluripotent stem cell (iPSC) technology and integration-free Sendai virus infection, we reprogrammed primary skin fibroblasts into iPSCs ( Fig. 2A) . Following immunoblot analysis, we demonstrated that the same differential pattern of neurofibromin expression in fibroblasts was observed in the derivative iPSCs (Fig. 2C) . Consistent with its established role as negative RAS regulator (22) , the levels of active RAS (RAS-GTP) were elevated in all NF1-iPSCs, irrespective of neurofibromin levels (Fig. 2D) , similar to our findings in NF1-patient fibroblasts.
In order to examine the effect of the germline NF1 gene mutation on central nervous system lineage cells, we directed iPSC differentiation into neural progenitor cells (NPCs) (Fig. 3A) . We found that the neurofibromin expression observed similarly matched the patterns found in the parental fibroblasts and iPSCs (Fig. 3B) . Previous work from our laboratory revealed that neurofibromin positively controls cyclic AMP (cAMP) in a RAS-dependent manner in brain neurons (15) . Consistent with this mechanism, all NF1-NPCs exhibited 2-3-fold elevated RAS-GTP levels ( Fig. 3C) , irrespective of the germline NF1 gene mutation. Similarly all NF1-NPCs showed significantly reduced cAMP (>50%) levels relative to control NPCs (Fig. 3D) .
In contrast, neurofibromin control of DA homeostasis in the striatum and hippocampus is RAS-independent (7,11). As such, Group 1 NF1-NPCs exhibited <25% reductions in DA levels, while Group 2 NF1-NPCs had ∼75% reductions (Fig. 4A) . Importantly, phosphorylation of the DA downstream effector, DA and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32), was only significantly reduced in Group 2 NF1-NPCs (Fig. 4C) . Together, these findings establish a strong correlation between neurofibromin expression and DA homeostasis/signaling ( Fig. 4B and D) .
DA signaling is particularly relevant to Nf1 mouse learning and memory. In this regard, we have previously shown that Nf1 mutant mice have exploratory (attention) and learning/ memory deficits that are corrected by pharmacologic elevation of brain DA bioavailability (11) . While reduced neurofibromin function in heterozygous Nf1 null mice (Nf1+/− mice) maintained on a mixed genetic background is associated with hippocampal-based learning and memory defects (6, 23, 24) , we were unable to convincingly demonstrate any spatial learning or memory deficits in C57BL/6J Nf1+/− mice with reduced neurofibromin expression (Fig. 5A ). Motor skills, swimming speeds and exploratory behaviors were also unimpaired in these Nf1+/− mice (Supplementary Material, Fig. S2 ). This is in striking contrast to our experience with Nf1+/− mice that also harbor Nf1 loss in neuroglial progenitor cells (Nf1 flox/− ; GFAP-Cre mice,
Nf1 FMC mice exhibit highly reproducible spatial memory and learning defects (7, 11) . Based on the differential effects of NF1-patient germline NF1 gene mutations on neurofibromin expression and DA homeostasis, we hypothesized that differences in neuronal neurofibromin expression may explain the discrepancies observed between the two Nf1 mouse model results. As such, we reasoned that Nf1+/− mice have reduced neurofibromin expression, similar to Group 1 individuals with NF1, whereas Nf1 FMC mice have more dramatically decreased neurofibromin expression, sufficient to impair DA levels and signaling, similar to Group 2 individuals with NF1. Consistent with this model, Nf1+/− mice exhibited ∼50% reductions in neurofibromin expression, while Nf1 FMC mice had >80% reductions ( Fig. 5B ).
To establish a clear mechanistic connection between neurofibromin expression and mouse learning and memory, we employed the original GFAP-Cre driver line (25) reductions in DA levels, respectively, correlating with neurofibromin expression (R 2 = 0.863) (Fig. 6C) . Similarly, DARPP-32 phosphorylation was also reduced in a gene dose-dependent manner in mouse hippocampi ( Fig. 6D and E) and showed an even more robust correlation with neurofibromin expression (R 2 = 0.966) (Fig. 6F) .
Finally, to confirm the dependency of Nf1 gene dose on dopaminergic signaling, we selectively targeted dopaminergic cells. To accomplish this, we employed the tyrosine hydroxylase (TH)-Cre driver strain (27) (Fig. 7A) . As above, mice were generated with reduced (Nf1 TH+/− ) or absent (Nf1 TH−/− ) neurofibromin expression in TH + neurons. In these experiments, Nf1 TH−/− , but not Nf1 TH+/− or WT mice demonstrated a defect in spatial learning (Fig. 7B) . Consistent with these behavioral results, there was a dose-dependent reduction in neurofibromin expression (Fig. 7C ) that correlated with comparable decreases in DA and pDARPP-32 levels ( Fig. 7D and E) .
Discussion
In the current study, we employed a combination of NF1-patient primary fibroblasts as well as derivative iPSCs and NPCs to explore the mechanistic relationship between the germline NF1 gene mutation and neurofibromin expression/function. The deployment of these unique NF1-patient biospecimens along with novel Nf1 genetically-engineered mouse (GEM) strains provided Human
complementary evidence relevant to disease heterogeneity, biomarker implementation and risk assessment in this common neurogenetic condition. First, we demonstrate that germline NF1 gene mutations result in dramatically different effects on neurofibromin expression in primary cells from individuals with NF1. In this regard, we found that one group of individuals with NF1 harbor >70% reductions in neurofibromin expression after a single germline mutation regardless of the cell lineage. This is likely due to post-translational modifications causing allelic imbalance, rather than the germline mutation affecting transcriptional regulation. As such, previous studies have shown that 30% of control individuals (28) and 75-80% of people with NF1, and not exclusively those with premature stop mutations, exhibit allelic variation in NF1 RNA expression (29, 30) , resulting in dramatic differences in neurofibromin expression similar in magnitude to our findings (30). However, this differential neurofibromin expression is not accurately recapitulated in the current Nf1 GEM models. Herein, we show that the standard Nf1 knockout (Nf1+/−) mice, which harbor an inactivating allele created by the insertion of a neomycin targeting cassette in exon 31 (24) , express 50% reduced neurofibromin levels compared with wild-type littermates. Although this model permits step-wise genetic manipulation of neurofibromin levels to methodically study neurofibromin function in the hippocampus, it is not representative of either of the two identified NF1-patient groups. The generation and culture of human NF1-patient-derived iPSCs provide unprecedented opportunities to explore the molecular function of unique germline NF1 gene mutations on cell signaling and biology.
The clinical importance of differential neurofibromin expression caused by a single germline mutation is especially germane to the interpretation of Nf1 GEM studies that focus on phenotypes dictated by NF1 gene heterozygosity, such as behavior and learning. Previous studies have shown that 129T2/SvEmsJ or 129T2/ SvEmsJ x C57BL/6 F1 hybrid mice display impaired spatial learning and memory on the Morris water maze test (6, 24) . In contrast, when these Nf1+/− mice are maintained on a pure C57BL/6J background, these abnormalities are transient ( probe trial 2 only) and subtle (11) . Similarly, we demonstrated that hemizygous Nf1+/− C57BL/6J mutant mice exhibit normal learning and memory. This discrepancy between the two strains may be due to differential basal levels of neurofibromin between 129T2 and C57BL/6 mice (31). In this regard, we found that >70% reductions in neurofibromin expression in C57BL/6J mice were required to reliably detect impaired learning and memory in the Morris Water Maze. Based on these observations, there is a need for a second generation of Nf1 mutant mouse strains harboring specific germline NF1 gene mutations to more accurately recapitulate the allelic imbalance observed in individuals with NF1 relevant to learning and memory. These 'personalized' mouse models will facilitate the identification of targeted approaches to predicting disease pathogenesis and designing effective treatments.
Second, we found that all NF1-patient fibroblasts, iPSCs and NPCs exhibited high levels of RAS activity, regardless of the level of neurofibromin expression. This intriguing finding suggests that the RAS-GAP activity of neurofibromin is it is comparably impaired in all individuals with NF1, irrespective of the nature or location of the germline NF1 gene mutation, and is thus highly sensitive to NF1 gene mutation. Importantly, it argues against the predictive value of the germline mutation or neurofibromin levels in phenotypes primarily driven by neurofibromin RAS regulation, such as leukemia or tibial dysplasia. However, other tumors types, like plexiform neurofibromas and optic gliomas (13) , which are dependent on stromal cell types harboring only a single germline NF1 gene mutation, may be heavily influenced by the effect of neurofibromin function in mast cells (32) and microglia (33) , respectively. Future investigation will be required to develop more reliable biomarkers for RAS pathway dysfunction in non-neuronal cells.
Third, we established a clear gene dose dependency for neurofibromin regulation of DA signaling in two independent Nf1 mouse model systems. We show that low hippocampal DA levels and downstream signaling, as measured by DARPP-32 phosphorylation, are associated with impaired spatial learning in mice. Since cognitive problems in neurological disorders can be difficult to identify, particularly in non-verbal or young children, predictive molecular biomarkers would be especially useful for the early diagnosis of these problems and the appropriate treatment of affected individuals. Initial studies have begun to identify blood serum potential biomarker for Alzheimer's disease (34) , schizophrenia (35) and Asperger's syndrome (36) . In this respect, the translation of the findings reported herein will require future research focused on defining the association between neurofibromin expression, DA signaling, and spatial learning deficits in NF1 patients.
Materials and Methods

Human subjects
Thirteen adults with an established diagnosis of NF1 (21) who receive their medical care in the Washington University/St. Louis Comprehensive NF1 mutational analysis
The specific germline NF1 gene mutation was identified following comprehensive mutation analysis of DNA and RNA extracted from primary skin fibroblasts using an RNA-core assay complemented with dose analysis by multiplex ligation-dependent probe amplification (MLPA) as previously described (38) at the University of Alabama at Birmingham Medical Genomics Laboratory under the direction of Dr. Ludwine Messiaen. NF1 gene nucleotide numbering is based on GenBank reference sequence NM_000267.3 and protein numbering based on NP_000258.1. Exon numbering is assigned according to the NCB1 reference sequence along with the widely known legacy numbering in parenthesis. Nomenclature All data are represented as means ± SEM (***P < 0.0001; **P < 0.001; *P < 0.01, one-way ANOVA with Bonferroni post-test). 
Western blotting, immunocytochemistry and immunohistochemistry
Western blotting was performed as previously described (14) using appropriate primary antibodies (Supplementary Material, Table S1 ), secondary horseradish peroxidase-conjugated antibodies (Sigma) and ECL (Fisher) chemiluminescence. Neurofibromin (C) antibody (sc-67) was used instead of neurofibromin (N) (sc-68) unless otherwise specified (Fig. 1A) . Immunocytochemistry was performed as previously described (15) on 4% paraformaldehyde (PFA) fixed cultured cells. Immunohistochemistry was performed on mice transcardially perfused with 4% PFA (Sigma) in 0.1 M sodium phosphate buffer ( pH 7.4) and postfixed in 4% PFA prior to paraffin embedding, as previously described (7) . Appropriate primary antibodies (Supplementary Material, Table S1 ) and secondary antibodies were used.
cAMP, DA and RAS activity assays
All assays were performed on dissected embryonic hippocampi immediately snap frozen in liquid nitrogen following isolation. cAMP levels were quantitated from tissue homogenized in 0.1 M HCl, using a cAMP ELISA immunoassay kit (Enzo Life Sciences) following the manufacturer's instructions. DA levels were determined following tissue homogenization in 0.01 M HCl following the manufacturer's instructions (Rocky Mountain Diagnostics). Active Ras (Ras-GTP) was detected by Raf1-RBD immunoprecipitation using the RAS activation kit (Millipore) according to the manufacturer's instructions.
Behavioral testing
Morris Water Maze testing was conducted as previously described (7). Mice were trained for two consecutive days in cued water maze trials where the platform is visibly marked but its location is varied, followed by place water maze trials for 5 consecutive days where the submerged platform position is static. The probe trial ( platform removed) was performed 1 h after the end of the last place trial on the third and fifth days of the trials. The escape path lengths (distances traveled to platform) and latencies (swimming times to platform) were recorded for all training trials. The time spent in the water maze quadrant of the former location of the platform (target quadrant) and the spatial bias for the target quadrant (time in target versus other quadrants) were used as readouts for the probe trials.
Statistical analyses
All statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software). Unpaired two-tailed Student's Ttests were used for experiments analyzing data between two groups. One-way or two-way ANOVA with Bonferroni post-test correction analyses were employed for multiple comparisons. Some behavioral data were analyzed by repeated measures (rm) ANOVA models containing one between-subjects variable (genotype) and one within-subjects (repeated measures) variable (e.g. blocks of trials or time blocks). The Huynh-Feldt adjustment of alpha levels was utilized for all within-subjects effects containing more than two levels to protect against violations of sphericity/compound symmetry assumptions underlying rmANOVA models.
Supplementary Material
Supplementary Material is available at HMG online.
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